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1 These two authors contributed equally to this worWe have studied the naturally split a subunit of the DNA polymerase III (DnaE) intein from Nostoc
punctiforme PCC73102 (Npu) using puriﬁed proteins and determined an apparent ﬁrst-order rate
constant of ð1:1 0:2Þ  102 s1 at 37 C. This represents the highest rate reported for the protein
trans-splicing reaction so far (t1=2 of  60 s). Furthermore, the reaction was very robust and high-
yielding with respect to different extein sequences, temperatures from 6 to 37 C, and the presence
of up to 6 M urea. Given these outstanding properties, the Npu DnaE intein appears to be the intein
of choice for many applications in protein and cellular chemistry.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In protein splicing, an internal protein element, the intein, ex-
cises itself out of a precursor protein with concomitant linkage of
the two ﬂanking polypeptide sequences, the exteins, by a native
peptide bond [1–3]. The intein domain can also be split into two
pieces; in this case two separate polypeptides ﬁrst associate to
reconstitute the active intein followed by the ligation of the fused
N- and C-extein sequences through protein trans-splicing. This
reaction is highly valuable for a number of in vitro and in vivo
applications in the ﬁelds of biotechnology, protein and cellular
chemistry, as well as molecular and structural biology. For exam-
ple, it has been used for protein semi-synthesis [4–8] and selective
chemical modiﬁcation of proteins [9–11], generation of cyclic
peptides and proteins [12], segmental isotopic labelling [13–15],
conditional control of protein function [16–19] and construction
of reporters of protein-protein interactions [20].
Among the few naturally occurring split inteins [21,22] the so
far best characterized is the Synechocystis sp. strain PCC6803
(Ssp) a subunit of the DNA polymerase III (DnaE) intein [21]. It con-chemical Societies. Published by E
ase III; eGFP, enhanced green
in D; H6, His6-tag sequence;
l split intein fragment; Npu,
s sp. strain PCC6803; ST,
H.D. Mootz).
k.sists of a 123 aa N-terminal split intein fragment (IntN) and a 36 aa
C-terminal split intein fragment (IntC) fragment and has many
known orthologs with high sequence homology in other Cyanobac-
teria [23,24]. Split inteins can also be created artiﬁcially by sepa-
rating the inteins’ primary sequence into two pieces on the
genetic level [5,10,11,25–27].
The most important properties of the split intein tools are (1)
the yield of the protein trans-splicing reaction, (2) its rate constant,
(3) the solubility of the intein fragments, and (4) their tolerance to-
wards different fused ‘‘substrate” exteins. Currently, the probably
most widely used split intein is also the Ssp DnaE intein. It has pro-
ven to exhibit splice activity with high extein sequence tolerance
in many different heterologous host proteins. The highly homolo-
gous Nostoc punctiforme PCC73102 (Npu) DnaE intein allele was re-
ported by Iwai and co-workers to yield superior protein splicing
yields when co-expressed in Escherichia coli, however, no biochem-
ical analysis using puriﬁed proteins was reported [28]. In general,
reaction yields from 30% to 50% to near completion were reported
for both artiﬁcially and naturally split inteins and seem to depend
to some degree not only on the intein and the directly ﬂanking res-
idues, but also on the nature of the fused proteins. The apparent
ﬁrst-order protein trans-splicing rate for the Ssp DnaE intein
(assuming a fast fragment association and a rate-determining
slower trans-splicing reaction) was determined to be k = 0.7 to
3:3 104 s1 [29,30]. Association of the complementary frag-
ments was reported to be extremely rapid (kon ¼ 2:8 107 M1
s1) and therefore far from rate-limiting [31]. In comparison, the
artiﬁcially split Ssp DnaB and Sce VMA inteins had three- andlsevier B.V. All rights reserved.
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tively (see Table 1). Thus, the corresponding reaction half-times
of about 6 min to 3 h are fast compared to de novo protein biosyn-
thesis in the cell. However, an even faster splicing intein would
pave the way for a signiﬁcant improvement of trans-splicing med-
iated technologies.
In this study, we have undertaken a ﬁrst in vitro characteriza-
tion of the naturally split Npu DnaE intein using puriﬁed
constructs.
2. Materials and methods
2.1. Plasmid construction
A detailed description of the cloning steps to obtain the expres-
sion plasmids of the Npu and Ssp DnaE intein constructs used in
this study can be found in the Supplementary data. The resulting
amino acid sequences of the recombinant proteins, as well as the
protein numbering, are shown in Table 2.
2.2. Expression and puriﬁcation of the recombinant intein-fusion
proteins
For the expression of the constructs 1–9, as well as 1-Ssp and 3-
Ssp, E. coli BL21Gold (DE3) cells (from Stratagene) were trans-
formed with the plasmids pAU08, pVS07, pVS01, pAU07, pJZ68,
pJZ62, pVS08, pJZ57b, pJZ70, pVS12 and pVS11, respectively. Cells
were grown in 600 mL of LB medium containing either 50 lg/mL
kanamycin or 100 lg/mL ampicillin at 37 C to an OD600 of 0.6.
Then the temperature was shifted to 28 C and expression induced
with 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for the
ST-containing IntN-constructs or with 0.02% L-Arabinose for the
His6-tag containing IntC-constructs, except for 5, 8, and 9 which
were also induced with 0.4 mM IPTG. After 4–5 h cells were pel-
leted by centrifugation and stored at 80 C. For protein puriﬁca-
tion of the IntN-constructs, the cell pellet was resuspended in
wash buffer (100 mM Tris/HCl at pH 8.0, 150 mM NaCl, 1 mM
EDTA). To purify the IntC-constructs under denaturing conditions,
resuspension was done in buffer A-urea (50 mM Tris/HCl at pH
8.0, 300 mM NaCl, 8 M urea, 20 mM imidazole). Cells were lysed
using the EmulsiFlex-C3 high-pressure homogenizer (Avestin),
insoluble cell material was removed by centrifugation for 30 min
at 34500 g, and proteins were puriﬁed on Strep-Tactin (Iba) and
Ni2þ-NTA (Qiagen) columns, respectively, according to the manu-
facturers’ recommendations. To purify the constructs 8 and 9 un-
der native conditions the cell pellet was resuspended in buffer A
(50 mM Tris/HCl at pH 8.0, 300 mM NaCl, 7.5 mM imidazole). Fol-
lowing the native Ni-NTA puriﬁcation the pooled fractions were
dialyzed against wash buffer with 2 mM DTT and were then ap-
plied to a Strep-Tactin column. Elution fractions containing theTable 1
Reported apparent ﬁrst-order rate constants of protein trans-splicing for naturally and art
Intein T (C) k (s1)
Npu DnaE 37 ð1:1 0
Ssp DnaE 23 ð6:6 1
Ssp DnaE 23 ð3:3 0
Npu DnaEN + Ssp DnaEC 21 ð2:8 0
Sce VMA 25 ð2:0 0
Ssp DnaB 25 ð9:9 0
Mtu RecA 30 n.r.
GBD Pol-1 (cis) 37 n.r.
Pab PolII (cis) 70 1:6 10
‘‘n.r.” = not reported.
a t1/2 was calculated from the apparent ﬁrst-order rate constant given in the referencpuriﬁed proteins were pooled and dialyzed against splicing buffer
(50 mM Tris/HCl at pH 7.0, 300 mM NaCl, 1 mM EDTA, 10% (v/v)
glycerol) and stored in aliquots at 80 C. Protein concentrations
were determined using the calculated absorbance at 280 nm.
2.3. In vitro trans-splicing assays
Puriﬁed Npu DnaE fusion proteins were mixed in splicing buffer
at equimolar concentrations of 10–20 lM and incubated at differ-
ent temperatures and buffer conditions as indicated. At various
time points, aliquots were removed and quenched by the addition
of SDS–PAGE sample buffer containing 8% SDS and 20% mercap-
toethanol. The samples corresponding to the 0 min time point
were obtained by ﬁrst mixing one intein construct with SDS–PAGE
sample buffer and then adding the second protein. For reactions in
the presence of 6 M urea proteins were ﬁrst dialyzed against splic-
ing buffer containing 6 M urea. The yields of the trans-splicing
reactions were determined from the intensities of the bands by
Coomassie Brillant Blue-stained SDS–PAGE. The scanned image
was analyzed for quantiﬁcation using the program ‘‘Scion Image”
(http://www.scioncorp.com). The percentage of the protein splic-
ing was calculated from the ratio of the splicing product and the
most consumed precursor. The latter was determined from the
sum of the precursor itself and its corresponding partial cleavage
product. The reaction assays were performed at least in triplicate
for each of the reaction conditions, except for the Ssp DnaE intein
reactions at 37 C (1-Ssp with 3-Ssp) which were performed in
duplicate.
3. Results
3.1. Generation and puriﬁcation of intein fusion constructs
For the in vitro analysis of the split Npu DnaE intein we pre-
pared various fusion proteins of the IntN and IntC fragments as
illustrated in Fig. 1. The phage protein bacteriophage k head pro-
tein D (gpD), thioredoxin (Trx), and the enhanced green ﬂuorescent
protein (eGFP) were used as the N- and C-exteins. Streptag II (ST)
or hexahistidine (H6) tags were added for facile puriﬁcation. For
the amino acids directly ﬂanking the intein fragments we kept
the native residues CFN downstream of the IntC fragment, but
added the non-native sequence GS upstream of the IntN fragment
due to cloning reasons. All proteins were expressed in soluble form
in E. coli, however, the IntC fusion tended to undergo substantial
proteolysis within the IntC part upon cell lysis (data not shown).
To circumvent this problem, cell lysis was performed by the addi-
tion of buffer containing 8 M urea and subsequent Ni-NTA puriﬁca-
tion under denaturing conditions. Subsequently, the proteins could
be refolded by a simple dialysis step against splicing buffer. Alter-
natively, an additional ST N-terminal to the IntC allowed the puri-iﬁcially split inteins.
t1=2 Reference
:2Þ  102 63 s This work
:3Þ  105 175 mina [29]
:4Þ  104 35 mina [30]
:3Þ  105 413 mina [14]
:3Þ  103 6 mina [32]
:8Þ  104 12 mina [32]
60–120 min [37]
30 min [38]
5 722 mina [39]
e.
Table 2
Protein numbering, abbreviations and protein sequences, as well as molecular weights, of the proteins used in this study (Streptag II- and His-sequences are underlined).
Construct Abbreviation Protein sequence Molecular weight (kDa)
1 gpD-IntN MASWSHPQFEKAS-gpD-GS-IntN 24.7
2 eGFP-IntN MASWSHPQFEKAS-eGFP-GS-IntN 40.7
3 IntC-Trx IntC-CFNGT-Trx-RSHHHHHH 17.9
4 IntC-eGFP IntC-CFNGT-eGFP-GSRSHHHHHH 32.6
5 IntC-gpD IntC-CFNGTAS-gpD-GSRSHHHHHH 17.3
6 gpD-IntNCIA MASWSHPQFEKAS-gpD-GS-Int
N
CIA 24.7
7 IntCCþ1S-Trx Int
C-SFNGT-Trx-RSHHHHHH 17.9
8 ST-IntC-gpD MASWSHPQFEKAS-IntC-CFNGTAS-gpD-GSRSHHHHHH 18.7
9 ST-IntC-Trx MASWSHPQFEKAS-IntC-CFNGT-Trx-RSHHHHHH 19.4
1-Ssp gpD-IntN(Ssp) MASWSHPQFEKAS-gpD-GS-IntN(Ssp) 26.8
3-Ssp IntC(Ssp)-Trx IntC(Ssp)-CFNGT-Trx-RSHHHHHH 17.7
Fig. 1. Protein trans-splicing reaction schemes of the Npu DnaE intein constructs used in this study. The amino acids ﬂanking the splice junctions are indicated. The IntN part
consists of 102, the IntC part of 36 aa. Calculated molecular weights of the splice products and the excised intein halves are as follows: SP(1+3) (26.6 kDa); SP(1+4) (41.4 kDa);
SP(2+3) (42.6 kDa); SP(1+5) (26.0 kDa); SP(1+8) (26.0 kDa); SP(1+9) (26.6 kDa); IntN (11.9 kDa); IntC (4.1 kDa); ST—IntC (5.6 kDa). See Table 2 for sequence details of intein
constructs (SP = splice product; ST = Streptag II).
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afﬁnity tags in good yields (see Section 2.2).
3.2. Time-dependent analysis of in vitro protein trans-splice reactions
Puriﬁed ST–gpD–IntN (1) and IntC–H6 (3) were mixed at equi-
molar concentrations of 10–20 lM. Aliquots of the reaction mix-
ture were removed at different time points and stopped by the
addition of SDS-sample buffer. Fig. 2A shows an analysis of theFig. 2. Examination of the trans-splice reaction of the Npu DnaE intein and comparison
reaction between constructs 1 and 3 performed at 37 C. (B) Coomassie-stained SDS-gel
25 C. (C) Anti-His and (D) anti-ST Western blot of the reaction between the Npu cons
formation at different temperatures (37 C – with.; 25 C   with N; 12 C – – with ; an
of the Ssp DnaE intein at 25 C (solid line with N) determined by densitometric analysistrans-splicing reaction carried out at 37 C monitored by a Coomas-
sie-stained SDS–PAGE gel. Three new protein bands were observed
that corresponded in size to the expected splice product ST–gpD–
Trx–H6 (SP(1+3)) and to the excised intein fragments IntN and IntC.
The additional band at 13 kDa was identiﬁed by immunoblotting
to contain the two extein proteins resulting from partial N-termi-
nal and C-terminal cleavage reactions (ST–gpD: calc. molecular
weight = 12.8 kDa; Trx–H6: calc. = 13.8 kDa). Immunoblotting also
further conﬁrmed the assignment of the other bands (see Fig. 2Cwith the Ssp DnaE intein. (A) Coomassie-stained SDS–gel (20% acrylamide) of the
(20% acrylamide) of the reaction between constructs 1-Ssp and 3-Ssp performed at
tructs 1 and 3 performed at 25 C. (E) Time-course of the splice product SP(1+3)
d 6 C – with) in comparison with the splice product SP(1-Ssp+3-Ssp) formation
. ‘‘” denotes N- and/or C-terminal cleavage product, ‘‘#” denotes protein impurity.
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pletion. A small fraction of either 1 or 3 was only remaining when
each of these constructs was in slight excess over the complemen-
tary protein. The reaction ﬂux yielded about 80–90% splice product
and 5–10% of the N- and C-terminal cleavage products. Most nota-
bly, however, and much to our surprise, the protein trans-splicing
reaction proceeded with an unusually high rate. Densitometric
analysis of the protein band intensities was carried out and the
data was ﬁtted to ﬁrst-order kinetics, under the assumption that
after a fast association of the two complementary fragments pro-
tein trans-splicing proceeded like a mono-molecular reaction.
While at 25 C ksplicing ¼ ð3:5 0:2Þ  103 s1 was calculated, the
reaction proceeded even faster at 37 C with a rate constant of
ð1:1 0:2Þ  102 s1 (see Table 3 for all rate constants determined
in this study). Also at lower temperatures, very fast splicing with
comparable yields was still observed, for example with a rate con-
stant of ð8:5 0:4Þ  104 s1 at 6 C (see Table 3).
We wished to exclude that these extraordinarily high rates
were a result of our puriﬁcation procedure of the C-terminal part
under denaturing conditions. It would be conceivable that this pro-Table 3
Yields and apparent ﬁrst-order rate constants of protein trans-splicing reactions
determined in this study.
N-construct C-construct Conditions Yield (%) k (s1)
1 3 6 C 85–95 ð8:5 0:4Þ  104
12 C 75–80 ð2:2 0:5Þ  103
25 C 75–85 ð3:5 0:2Þ  103
37 C 75–80 ð1:1 0:2Þ  102
25 C, 4 M urea 75–85 ð4:3 1:0Þ  103
25 C, 6 M urea 65–70 ð5:0 1:2Þ  105
1 4 6 C 80–90 ð1:6 0:1Þ  103
25 C 75–80 ð4:3 0:7Þ  103
2 3 25 C 50–55 ð4:7 1:2Þ  103
1 5 20 C 80–85 ð3:6 0:5Þ  103
37 C 80–90 ð9:0 0:4Þ  103
1-Ssp 3-Ssp 25 C 40–50 ð8:0 1:4Þ  105
37 C 20–25 ð1:6 0:3Þ  104
Fig. 3. Analysis of the Npu DnaE intein splicing reaction with different extein sequences
PAGE gels. (A) Reaction between 2 (eGFP-IntN) and 3 (IntC–Trx) at 25 C. (B) Reaction betw
5 (IntC–gpD) at 20 C and (D) reaction between 1 (gpD–IntN) and 3 (IntC–Trx) under 6 Mtein adopted a more active conformation following the refolding
step. Therefore, constructs 8 and 9 (ST–IntC–ExtC; see Fig. 1) were
puriﬁed both under native and denaturing conditions and reacted
in protein trans-splicing experiments with the complementary
construct 1. The two protein preparations showed almost identical
results, indicating that neither of the puriﬁcation procedures had
beneﬁcial or adverse effects on the activity of the Npu IntC proteins.
In both cases, however, a rate reduction by a factor of 1.5 was ob-
served, suggesting that the N-terminally fused ST slightly affected
the catalytic properties of the intein (see Fig. S1 and Table S1).
To further exclude the possibility that the observed rates were
somehow the result of our speciﬁc laboratory conditions, we con-
structed the control proteins 1-Ssp and 3-Ssp in which the Npu in-
tein sequences were exchanged for the homologous Ssp DnaE
intein (see Supplementary data for cloning details). Fig. 2B and Ta-
ble 3 show that we could reproduce rates similar to those previ-
ously reported for this latter intein. This ﬁnding conﬁrmed that
the very high rates were indeed speciﬁc for the Npu DnaE intein.
Fig. 2E shows a graphical representation of these results.
3.3. Tolerance toward varying extein sequences and chaotropic salt
We next tested the effect of different exteins on the splice reac-
tions. Swapping of the N-extein to eGFP (construct 2) did reduce
the overall splice product yield to about 50–55% after 4 h (see
Fig. 3A). Interestingly, however, the reaction rate remained unaf-
fected (ð4:7 1:2Þ  103 s1 at 25 C). High yields and similar rates
were obtained when the C-extein was exchanged to eGFP (con-
struct 4; see Fig. 3B) or to gpD (construct 5; see Fig. 3C; see also Ta-
ble 3). These ﬁndings demonstrate that the extraordinarily high
reaction rates are a general property of this intein and not the re-
sult of a somehow unique and advantageous combination of the
extein sequences.
In cases of protein fragment ligations, the exteins may be lar-
gely unstructured and thus decrease the solubility of the intein fu-
sion constructs. Therefore, it would be beneﬁcial to be able to carry
out the reaction in the presence of high concentrations of chao-(A, B, C) and under denaturing conditions (D). Shown are Coomassie-stained SDS–
een 1 (gpD–IntN) and 4 (IntC–eGFP) at 25 C. (C) Reaction between 1 (gpD–IntN) and
urea and at 25 C. Extein cleavage products (‘‘”) and impurities (‘‘#”) are indicated.
Fig. 4. Inﬂuence of mutations at key residues of the Npu DnaE intein. Shown are Coomassie-stained SDS–PAGE gels. (A) Incubation of 6 (gpD–IntNC1A) with 4 (Int
C–eGFP) at
25 C resulted only in minor C-terminal cleavage (‘‘”). ‘‘#” denotes protein impurity. (B) Reaction between 1 (gpD–IntN) and 7 (IntCCþ1S–Trx) at 25 C yielded only traces of
splice product SP(1+7). The reaction was stopped through the addition of 2-mercaptoethanol containing SDS loading buffer. The extein cleavage products (‘‘”) resulting from
the quenching are indicated.
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tary intein fusion constructs 1 and 3 with urea-containing buffer
before the reaction was started by mixing both components. At a
total concentration of 4 M urea the reaction yield and rate were
unaffected (see Table 3). At 6 M urea the reaction was signiﬁcantly
slower, however, it still proceeded to 65–70% after 24 h indicating
the robustness of the intein in this respect (see Fig. 3D and Table 3).
3.4. Point mutations of key residues
Wemutated the cysteine residues at positions 1 and +1 to com-
pare the impact of these substitutions to that reported for the Ssp
DnaE intein. A Cys1 Ala mutation at the N-terminal splice junction
of the Npu DnaE intein (construct 6, ST–gpD–IntN(C1A)) had the
same effect as described for the Ssp homologue [29]. Fig. 4A shows
that in this case not only the initial N to S-acyl shift and therefore
protein splicing was blocked, but also the C-terminal cleavage
reaction was almost completely inhibited. The dependence of the
asparagine cyclization at the C-terminal splice junction on the acyl
shift at the N-terminal scissile peptide bond seems to be a unique
property common to the naturally split DnaE intein alleles.
Mutation of the Cys(+1) to Ser (construct 7, IntC(C+1S)–Trx–H6)
led to only marginal splice product yields even after 24 h reaction
time. The concomitant signiﬁcant increase in formation of the N-
terminal hydrolysis product that can be seen in Fig. 4B (marked
with an asterisks) was a result of thioester cleavage by the mercap-
toethanol in the SDS-sample buffer, because this band as well as
that corresponding to the excised IntN fragment almost completely
disappeared when the thiol was omitted to quench the reaction
(data not shown). Thus, the Cys(+1)Ser mutation seemed to block
the transesteriﬁcation step in the splicing pathway.
4. Discussion
We here report rates for protein trans-splicing of the Npu DnaE
intein that are 5.5-fold higher (at 37 C) than the rate reported for
the split Sce VMA intein and up to about 33 to 170-fold higher than
found for the Ssp DnaE intein (Tables 1 and 3). The Npu DnaE intein
fusion constructs were converted to the splice products in excel-
lent yields from about 55% to 90% depending on the extein se-
quence and with only minor formation of cleavage side-products.
Furthermore, while many split inteins including the Ssp DnaE
intein exhibit reduced yields and increased formation of hydrolysis
side products at 37 C compared to temperatures below 30 C
[29,32] (and see Table 3), the splice product yields obtained with
the Npu intein were nearly unaffected in the temperature range
investigated here with the highest rate observed at 37 C. Together,these ﬁndings have important implications both for mechanistic
considerations and for the manifold applications based on the pro-
tein trans-splicing reactions.
First, obviously the mechanism of protein trans-splicing is pos-
sible at a much faster rate than reported so far, in particular for the
robust naturally split inteins. As of now, however, it can only be
speculated on the origins of the unique properties of the Npu DnaE
intein. Remarkably, the Npu and Ssp DnaE inteins are highly homol-
ogous alleles with an amino acid identity of 67% for the IntN and
53% for the IntC fragment [28]. Furthermore, all conserved amino
acids known to be essential for catalytic function are identical in
both cases. The Ssp DnaEN fragment has a C-terminal extension
of 21 aa lacking in Npu DnaEN, which is not part of the intein struc-
tural fold [33] and can be cleaved off without loss of splicing activ-
ity. However, the effect of this truncation on the rate constant was
not reported [34]. A previous report by Iwai and co-workers stud-
ied the efﬁciency of the Npu DnaE intein under conditions of co-
expression in E. coli and found a higher product yield for this intein
when compared to the Ssp DnaE intein [28]. Iwai et al. also com-
pared the co-expression of the Npu DnaEN/Ssp DnaEC combination
with the co-expression of the two complementary Ssp DnaE con-
structs and observed a higher sequence tolerance to amino acid
substitutions at the +2 position. Harris and co-workers took advan-
tage of this ﬁnding for the preparation of a segmentally labelled
protein kinase PDK1 [14]. However, ligation of the two PDK1 seg-
ments by protein trans-splicing occurred only at a rate of
k ¼ 2:8 105 s1 [14], suggesting that despite the qualitative
cross-reactivity between the Npu DnaEN and Ssp DnaEC intein
halves the superior trans-splicing rate reported here can only be
accomplished by the native combination of the Npu intein frag-
ments. Preliminary experiments with our puriﬁed proteins de-
scribed in this study support this notion (data not shown).
Together, these observations indicate that the higher activity of
the Npu DnaE intein is likely due to substitutions of less conserved
residues. In this respect it is interesting to note that we observed
for the Cys+1Ser mutant in the Npu DnaE intein an almost com-
plete abolition of protein trans-splicing, while the same substitu-
tion in the Ssp DnaE intein was reported to affect the rate
constant by a factor of 10 but not the yield of the reaction [35]. This
observation suggests that the two inteins differ by a slightly
altered geometry and/or polarization of the key residues in their
active sites, which might explain the differences in reactivity.
Alternatively, the Npu intein could be superior in folding into the
active conformation after fragment association and in coordinating
the individual steps of the splicing reaction. Finally, it should be
noted that the actual rates of inteins, in particular of the ‘‘cis”-
inteins, in their wild-type context and under psychological condi-
914 J. Zettler et al. / FEBS Letters 583 (2009) 909–914tions are difﬁcult to assess and might be even higher than reported
in this study.
Second, owing to these features the Npu DnaE intein holds great
potential for various applications in protein and cellular chemistry
as mentioned in the introduction that would greatly beneﬁt from
drastically shortened reaction times and high yields (for example
[4–7,9–20]). Moreover, the robustness of the intein under high
urea concentrations and the high activity also at lower tempera-
tures will be advantageous when protein fragments of poor solu-
bility are to be ligated and when instable and temperature-
sensitive proteins are handled. Very recently, Muir and co-workers
incorporated a light-switch in form of a photocleavable group into
a synthetic version of the Ssp DnaEC intein fragment [36]. Com-
bined with the favourable kinetics of the Npu DnaE intein with
t1=2 for the splicing reaction of 60 s, approaches along these lines
would appear even more powerful.
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